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ABSTRACT 


The pigment of tooth enamel is an important odontological character for character for assessing Soricidae tax- 
onomy and phylogeny. This paper describes the original observations of ‘pigment patterns’ (PPt) and ‘visible pig- 
ment’ (VPg) in fossil beremendiin shrews in light of the “differential pigmentation” found using UV detection and 
EDX analysis. The term “differential pigmentation” was used to describe the irregular pigmentation on the teeth of 
extinct Nesiotites (Neomyini). Our analysis of fossil and recent specimens reveals different reasons for differential 
pigmentation formation. The first reason is related to fossilization, namely, the chemical alterations of the buried 
specimen. The second reason is related to a developmental disorder, namely, the enamel organ disorder, which lo- 
cally stops forming the twin enamel layer. Our original results and published data from EDX analysis of the enamel 
elemental content and SEM-image analysis of the enamel microstructure again raise the question of a relationship 
between ferruginous pigmentation and enamel microstructure. Further studies of the enamel structure and pig- 
ment chemical composition of red-toothed shrews compared to white-toothed shrews are required. 
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PESIOME 


IIurwenrarmus3yÓ6noit 9Ma Ju ABAeTCA BaXXHBIM OMOHTOOINYECKHM IIDH3HAKOM AJA pa3paÓoTKH TAKCOHOMMH 
u Puzorenum Soricidae. B crarbe OMMCHIBaIOTCA opuruHaJrbHbie HaÓJI/teHust «IIHTMeHTHBIX IATeH> (PPt) 
H «BH7IuMoro murMeHTa» (VPg) y uckoraeMbix GepeMeHAUM B cBsi34 C BorrpocoM o «gudeaoepenimmabsoit 
murMenTamnHu». B pa6ore Óbur ucmnozb3oBaubr MeTo7z YGD-rerekmuu murMeunra n EDX-ananns. Tepuun 
«nuddepenimuaJbHas IIMTMeHTalHs» HCIIOJIb3OBaJICS AJIA OObACHEHUA Heo/IHODO/IHOl IIHTMeHTaIIHH Ha 
3y6ax BbrMepirux Nesiotites (Neomyini). Ham agazm3 uckKoraeMbix H COBDeMeHHBIX 3K3eMILJISDOB BbISBHJI 
Hekoropbre npHuHHBHI. nposBJeuus ZudodeepenunsazbHgoii nurMenranug. llepBas npuuuHa cBA3aHa C 
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yCJIOBHSMH 3aXOPOHEHHA, a HMeHHO C XHIMHUJeCKHMH U3MeHeHUAMH rrorpe6ernnoro OObexkTa. Bropas npuuuga 
CBA3aHa C HapyIIIeHHeM pa3BUTHA, a HMeHHO C HapylleHUAMU B pa6ore 3MaJIeBOTo opraHa, KOTODBIII JIOKaJIBHO 
orpanumuuusaaer (bopMupoBaHue 7tBoitHoro CJIOA ƏMAJIN. Hamm peayrbrarbi H ONYÓJINKOBAHHDIE gaggbpre EDX- 
aHaJIM3à 39JIeMeHTHOTO COCTaBa 9MaJIM M aHaJIM3à MUKPOCTPYKTYPbI 23MaJIM C rrpaMenenueM SEM BHOBb 
CTaBAT BOIIpOC O COOTBeTCTBUH :Ke/Ie30co/tep:karieit IIHTMeHTaIIHH H MHKDOCTDyKTy pbi 2Ma/IH. Tpe6yrorcsa 
HabHeiimnne HCCJIegIOBAHMs3 CTDyKTypbI 3MaJH H XHMHWUeckOoro cocraBa murMeHTa y Ó6ypoayÓKoBbBIX B 


cpaBHeHHH C 6en03y6KOBLIMU 3eMJrepoiitKkaMy. 


Key words: Anourosorex, Beremendia, EDX-anazmsa, narwenraius aMasu, 6ypoasyÓ6konsre 3eMmepouKu, Sorex, 
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INTRODUCTION 


Reddish colouration of the teeth is an important 
characteristic in the definition of the subfamilies 
of Soricidae Fischer, 1817. Tooth pigmentation is 
known in the Heterosoricinae Viret and Zapfe, 1951, 
Limnoecinae Repenning, 1967, Crocidosoricinae 
Reumer, 1987 and Soricinae Fischer, 1817. However, 
it is not found in Soricolestinae Lopatin, 2002, Al- 
losoricinae Fejfar, 1966 and Crocidurinae Milne- 
Edwards, 1868 (Repenning 1967; Reumer 1994; 
Dannelid 1998; Lopatin 2002). 

It is assumed that the iron in shrew teeth enamel 
makes it harder and generally increases the wear re- 
sistance of teeth (Janis and Fortelius 1988; Jernvall 
1995). According to the most recent study of enamel 
pigment (Dumont et al. 2014), the structurally red 
colouration of soricine teeth (Blarina brevicauda 
(Say, 1823) was examined) is based on “[...] an ultra- 
fine-grained magnetite phase [which] is distributed 
around the hydroxyapatite crystals [...]" (Dumont et 
al. 2014: 47). The authors show that the pigmented 
enamel is harder than unpigmented enamel. Despite 
this evidence, the exact reason for the iron inclusions 
is still unclear, but it is probable that pigmented 
enamel is more resistant to acid or to mechanical 
loads (ibid.). 

Among extant soricine taxa, the intensity of the 
tooth colouration varies widely, from invisible to the 
naked eye (e.g., the phenomenon known in Anouro- 
sorex Milne-Edwards, 1872; Chimarrogale Anderson, 
1877; and Nectogale Milne-Edwards, 1870) to very 
dark pigmented teeth (Beremendia Kormos, 1930; 
Blarina Gray, 1837; Blarinella Thomas, 1911). AII 
species of the genus Sorex Linnaeus, 1758, have 
pigmented teeth with different degrees of coloura- 
tion, from light orange in S. minutus Linnaeus, 1766, 
to different shades of red in most species, to deeply 


dark in S. daphaenodon Thomas, 1907. However, 
the extinct taxa display unclear colouration that is 
very often associated with burial conditions (e.g., 
the chemical composition of sediments, groundwa- 
ters and others). The tooth pigment patterns and 
their intensity of colouration would be useful for 
taxonomic and phylogenetic analyses of fossil groups. 
However, in many cases, researchers refuse to use the 
teeth colouration due to the inability to assess the 
impact of burial conditions and distinguish the na- 
ture of ‘pigment patterns’ (PPt) and ‘visible pigment’ 
(VPg). For instance, the so-called “differential pig- 
mentation” of extinct shrews Nesiotites Bate, 1944, 
contributes the argument disputing the validity of 
“Nesiotites rafelinensis” (Rofes et al. 2012; Furió 
and Pons-Monjo 2013). The precise description of a 
neotype of Miosorex desnoyersianus (Lartet, 1851) 
by Engesser (2009: 21) points to tooth pigmentation; 
in contrast, descriptions of mass material of Miosorex 
pusilliformis (Doben-Florin, 1964) and M. desnoyer- 
sianus by Doben-Florin (1964) and Ziegler (1989) do 
not confirm differential pigmentation of their teeth. 
If Miosorex s. lato (European Miosorex Kretzoi, 
1959, + Asian Shargainosorex Zazhigin et Voyta, 
2018) should be considered as an ancestral group 
to recent shrew groups, pigmentation is a signifi- 
cant feature for determining phylogenetic relations. 
Therefore, a means for pigment diagnostics is needed. 
One of the precise methods for pigment detection 
is energy-dispersive X-ray spectroscopic (EDX) 
analysis, which was first used for ferruginous teeth 
pigment detection in shrews by Dótsch and Koenig- 
swald (1978). The current literature describes the el- 
emental composition of the enamel pigment of shrews 
using EDX (Dumont et al. 2014; Moya-Costa et al. 
2018). Our paper describes the first observations of 
‘pigment patterns’ (PPt) and ‘visible pigment’ (V Pg) 
in fossil beremendiins in light of the “differential 
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pigmentation” (see above). The primary objective of 
our work is to detect iron and quantitatively assess 
iron presence in fossil teeth from different localities 
in comparison with several recent taxa. 


GEOLOGICAL AND 
GEOGRAPHICAL SETTINGS 


The fossil material of Beremendia fissidens (Pe- 
tényi, 1864) and B. minor Rzebik-Kowalska, 1976, 
come from five early Pliocene to Early Pleistocene 
sites in southwestern Siberia, northern Mongolia and 
the Russian Plain: Korotoyak 2 (KRK/2), Razdol’e 
(RZD), ‘Borehole #103/19’ (BH-103/19), Bural-Obo 
(BRB/C), and Shamar (SHM/A). These localities 
are mentioned in Agadjanian (2009), Vasilyan et al. 
(2017), Zazhigin and Voyta (2019). Below, the fossil 
sites are briefly described. 

Korotoyak 2 (KRK/2). The geological profile 
is located on the right bank of the Don River, near 
Korotoyak village, Ostrogozhskii District, Voro- 
nezhskaya Oblast, Russia [ca. N 50°59” E 0397107]. 
The fossiliferous sediments were attributed to the 
late Pliocene, MN 16. Uryv formation. Material was 
collected by Yulia I. Iosifova in 1989-90 (Agadjani- 
an 2009). 

Razdol’e (RZD). The geological profile is located 
on the right bank of the Aley River (left tributary 
of Ob’ river) after the mouth of the Kizikha River 
and situated between Makhanovo and Bolshevik 
(= Razdol’e) villages, Pospelikhinskii District, Al- 
tayskii Kray, Russia [ca. N 51°49” E 081°45’]. The 
fossiliferous sediments were attributed to the Early 
Pleistocene (the first half of the Calabrian). The for- 
mation was undetermined. Material was collected by 
Vladimir S. Zazhigin in 1965 (Zazhigin 1980). 

‘Borehole #103/19’ (BH-103/19). The analysed 
sample with beremendiin remains was found in the 
kern of borehole #103/19 (approximately 70—78 m 
deep) near Troitskoye (Troinka) village Pospelikhin- 
skii District, Altayskii Kray, Russia [ca. N 51°32’ E 
081°38’]. Both the geological age of redeposited fos- 
siliferous sediments and their attribution to particu- 
lar formation remain undetermined. Material was 
collected by Oleg M. Adamenko and Yurii M. Ko- 
likhalov, years unknown (Zazhigin 1980). 

Bural-Obo (BRB/C). The geological profile is 
located on the right bank of the Orkhon River (right 
tributary of the Selenga River), 2 km west of Bural- 
Obo Rock in an old brick quarry, approximately 
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6 km upstream of the river from Shamar village, 
Selenge Aimag, Mongolia [ca. N 50°02’ E 106°08’]. 
The fossiliferous sediments were attributed to the 
Early Pleistocene, MN 17. The formation was un- 
determined. Material was collected by Vladimir 
S. Zazhigin in 1970 (Devyatkin and Zazhigin 1974; 
Devjatkin et al. 1982; Zazhigin 1989). 

Shamar (SHM/A). The geological profile is 
located on the left bank of the Orkhon River on the 
northern slope of the Ikh-Burge Rock in the artifi- 
cial hollow for an electric transmission tower, 2 km 
west of Shamar village, Selenge Aimag, Mongolia 
[ca. N 50°03” E 106°07’]. The fossiliferous sediments 
were attributed to the late Pliocene, MN 16. Chikoy 
formation. Material was collected by Vladimir 
S. Zazhigin in 1970 (Devyatkin and Zazhigin 1974; 
Devjatkin et al. 1982; Zazhigin 1989). 


MATERIALS AND METHODS 


In order to detect the ferriferous pigment of teeth, 
energy-dispersive X-ray spectroscopy (EDX) was 
used. EDX represents a method for the elemental 
analysis or determination of the chemical composi- 
tion of a sample (for a more detailed description of the 
technique used for shrew teeth, see Strait and Smith 
2006). The EDX-spectrometer was attached to an 
electron microscope, Zeiss ESEM Quanta 250. Its 
technical specifications were as follow: quantification 
method = normalized stoichiometry; accelerating 
voltage = 15 kV; acquisition time = 30 s. Quantitative 
microanalyses were carried out on the surface of the 
teeth on a pigmented and unpigmented part of the 
crown. The values of the iron content was analysed 
in fossil specimens of B. fissidens — ZIN 104903/1292 
(GIN 959/1292; isolated first upper right incisor from 
Korotoyak 2); ZIN104908/1236 (GIN 959/1236; 
isolated first upper left incisor from Shamar/A); GIN 
664/201 (ZIN 104896; right dentary of Nectogalinia 
altaica Gureev, 1979 holotype from Razdol’e); ZIN 
104925/1271 (GIN 959/1271; isolated first upper 
right molar form ‘Borehole 103/19"); in fossil speci- 
men of B. minor — ZIN 104894 (GIN 959/1242; right 
dentary from Bural-Obo/C); in extant specimens of 
Sorex isodon Turov, 1924 (field number 201/A86), 
Crocidura shantungensis Miller, 1901 — ZIN 89478 
(Far East, Russia) and Anourosorex squamipes 
Milne-Edwards, 1872 — ZIN 38946 (South China). 
The results of the EDX analyses represented the 
averaged (mean) elemental composition (Weight %) 
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Fig. 1. Beremendia minor (A) and B. fissidens (B—E) fossil remains: (A1) Right dentary from Bural-Obo/C (ZIN 104894), optic photo- 
graph, lateral view; (A2) Explanatory drawing of lower dentition with V Pg; (B1) First upper right molar from ‘Borehole #103/19’ (ZIN 
104925/1271), optic photograph, occlusal view; (B2) Explanatory drawing of M1 with V Pg; (C1) First upper left incisor from Shamar/A 
(ZIN104908/1236), optic photograph, lateral view; (C2) Explanatory drawing of I1 with VPg; (D1) Fragment of right dentary from 
Razdol'e (GIN 664/201), optic photograph, lateral view; (D2) Explanatory drawing of m1—m2 with PPt; (E1) First upper right incisor 
from Korotoyak 2 (ZIN 104903/1292) optic photograph, lateral view; (E2) Explanatory drawing of I1 with PPt. All scale bars represent 
1 mm. Abbreviations: i1—m3 — lower dentition; orange points — the acquisition points of elemental analysis (numbers correspond to 
sample numbers in Tables 1 and 2); PPt — pigment pattern; VPg — visible pigment. 
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Fig. 2. Sorex isodon (A), Crocidura shantungensis (B) and Anourosorex squamipes (C) dentaries: (A1) Left dentary (201/A86), optic 
photograph, lateral view; (A2) Explanatory drawing i1—m1 with V Pg; (B1) Fragment of right dentary (ZIN 89478), optic photograph, 
lateral view; (B2) Explanatory drawing il—m1 without pigment; (C1) Fragment of right dentary with i1—p4 (ZIN 38946), optic pho- 
tograph, lateral view; (C2) Left dentary with whole lower dentition, optic photograph, lateral view; (C3) Explanatory drawing i1—p4 
without pigment. All scale bars represent 1 mm. Abbreviations see in Fig. 1. 


normalized to 100%, with values of standard devia- 
tion (o, Weight %). EDX analyses were performed 
using equipment of the «Taxon» Research Resource 
Center (http://www.ckp-rf.ru/ckp/3038/) of the 
Zoological Institute of the Russian Academy of 
Sciences (Saint Petersburg, Russia). The preliminary 
analyses were performed using the scanning electron 
microscope Hitachi TM3000 in the Resource Centre 
«Microscopy and Microanalysis» of Research park of 
Saint Petersburg State University (Saint Petersburg, 
Russia). 

To register tooth pigment, a Zeiss AxioImager. A1 
Zeiss Hbo 50/ac Fluorescence Mercury Light Source 
W Filter Set 49 microscope (Item Number 488049- 
9901-000; wavelength approximately 365—395 nm) 
was used for fluorescence applications, and a high- 
resolution AxioCam MRc 5 digital camera was used 
for image acquisition. Specimens were studied in 


transmitted UV light. The teeth were investigated 
at the Centre of Fluorescence Microscopy Facility 
of the Botanic Institute of the Russian Academy of 
Sciences (Saint Petersburg, Russia). 

High-resolution images of the enamel micro- 
structure were acquired using an electronic scan- 
ning microscope (Zeiss ESEM Quanta 250), with 
the surfaces covered by platinum sputter coating. 
SEM analyses of the enamel microstructure were 
performed on the etched (6—7?6 HCI for approxi- 
mately 7-8 s) teeth following washing with distilled 
water. 


RESULTS 


The results of the analysis of fossil remains re- 
vealed the teeth had visible pigment (V Pg) from red- 
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Table 1. Results of the EDX elemental analyses of the fossil teeth of Beremendia. 


























haere Tooth (pigmentation type) Weight % c, Weight % Element (Formula) 
A: B. minor (ZIN 104894, Bural-Obo/C); Fig. 1A 
1 Tip of right i1 (VPg = black) 36.055 0.397 Oxygen 
15.077 0.260 Phosphorus (P205) 
22.945 0.299 Calcium (CaO) 
O 25922 0456 rom (FeO) 
2 Tip of right i1 (VPg = reddish) 20.703 0.279 Carbon (CO2) 
64.901 0.294 Oxygen 
4.629 0.071 Phosphorus (P205) 
8.616 0.097 Calcium (CaO) 
4520075 O 
3 Tip of right i1 (VPg = red-brown) 41.502 0.314 Oxygen 
0.500 0.104 Magnesium (MgO) 
1.128 0.102 Silicon (SiO2) 
19.946 0.233 Phosphorus (P205) 
31.516 0.273 Calcium (CaO) 
Loo o MENU 
4 Unpigmented distal part of i1 (white) 45.059 2.816 Oxygen 
13.331 1.762 Silicon (SiO2) 
14.864 2.191 Phosphorus (P205) 
26.746 2.450 Calcium (CaO) 
5 Unpigmented distal part of i1 (white) 42.191 0.276 Oxygen 
21.426 0.231 Phosphorus (P205) 
36.384 0.267 Calcium (CaO) 
6 Tip of a1 (VPg = reddish) 42.785 0.411 Oxygen 
1.910 0.124 Magnesium (MgO) 
4.508 0.160 Aluminum (A1203) 
17.978 0.279 Silicon (SiO2) 
0.622 0.108 Phosphorus (P205) 
27.795 0.328 Potassium (K20) 
1.680 0.242 Calcium (CaO) 
(00488 039 — Tron (FeO) 
0.885 0.128 Zinc (ZnO) 
m Tip of p4 (V Pg = red-brown) 42.190 0.279 Oxygen 
0.705 0.095 Silicon (SiO2) 
20.839 0.227 Phosphorus (P205) 


36.266 0.267 Calcium (CaO) 
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Table 1. Continued. 
































bae Tooth (pigmentation type) Weight ?6 c, Weight % Element (Formula) 
8 m1 protoconid tip (VPg = red-brown) 41.581 0.335 Oxygen 
1.163 0.129 Sodium (Na20) 
0.674 0.077 Aluminum (A1203) 
1.166 0.104 Silicon (SiO2) 
19.689 0.228 Phosphorus (P205) 
32.355 0.282 Calcium (CaO) 
(004090 0481 Tron (FeO) O 
2.283 0.332 Tungsten (WO3) 
B: B. fissidens (ZIN 104925/1271, ‘Borehole #103/19’); Fig. 1B 
1 Tip of metacone (V Pg = reddish) 35.345 1.689 Oxygen 
10.689 1.187 Phosphorus (P205) 
53.965 1.755 Calcium (CaO) 
2 Tip of metacone (V Pg = reddish) 42.395 2.046 Oxygen 
21.746 1.717 Phosphorus (P205) 
35.859 1.977 Calcium (CaO) 
3 Tip of metacone (V Pg = reddish) 42.614 1.790 Oxygen 
22.089 1.518 PhosphorusP205 
35.297 1.713 CalciumCaO 
4 Lingual part of the ridge of the hypoconal flange 34.833 0.462 Oxygen 
(VPg - pale reddish) 9.887 0.295 Phosphorus (P205) 
55.280 0.482 Calcium (CaO) 
5 Lingual part of the ridge of the hypoconal flange 40.620 2.938 Oxygen 
(VPg = pale reddish) 18.962 2.420 Phosphorus (P205) 
40.418 2.888 Calcium (CaO) 
6 Lingual part of the ridge of the hypoconal flange 39.752 0.319 Oxygen 
(VPg 7 pale reddish) 17.600 0.250 Phosphorus (P205) 
42.648 0.321 Calcium (CaO) 
C: B. fissidens (ZIN 104908/1236, Shamar/A); Fig. 1C 
1 Tip of left I1 (VPg = black) 29.199 0.390 Oxygen 
7.242 0.187 Phosphorus (P205) 
14.548 0.237 Calcium (CaO) 
. on O 04 boa O 
2 Tip of left I1 (VPg = black) 30.227 0.384 Oxygen 
0.949 0.102 Silicon (SiO2) 
7.636 0.189 Phosphorus (P205) 
15.574 0.237 Calcium (CaO) 


880485 rome) 
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Table 1. Continued. 
































nae Tooth (pigmentation type) Weight % c, Weight % Element (Formula) 

3 Tip of left I1 (VPg — black) 25.702 1.752 Oxygen 
2973 0.499 Phosphorus (P205) 
12.695 0.932 Calcium (CaO) 

-. 586900 — 4.940 ron (FeO) 
4 The unpigmented distal part of the I1 31.872 1.304 Oxygen 
apex (white) 5.242 0.659 Phosphorus (P205) 
62.886 1.355 Calcium (CaO) 
D: B. fissidens (GIN 664/201, Razdol’e); Fig. 1D 

1 Tip of m1 protoconid (PPt) 42.971 0.372 Oxygen 
22.649 0.315 Phosphorus (P205) 
34.381 0.356 Calcium (CaO) 

2 Tip of m1 protoconid (PPt) 42.159 0.377 Oxygen 
1.473 0.197 Sodium (Na20) 
21.461 0.308 Phosphorus (P205) 
34.907 0.357 Calcium (CaO) 

3 Tip of m1 hypoconid (PPt) 42.284 0.443 Oxygen 
1.464 0.218 Sodium (Na20) 
21.655 0.365 Phosphorus (P205) 
34.597 0.420 Calcium (CaO) 

E: B. fissidens (ZIN 104903/1292, Korotoyak 2); Fig. 1E 

1 Tip of right I1 (PPY) 49.742 1.000 Oxygen 
12.434 0.590 Aluminum (A1203) 
19.641 0.738 Silicon (SiO2) 
10.142 0.722 Phosphorus (P205) 
8.041 0.585 Calcium (CaO) 

2 Tip of right I1 (PPt) 42.807 0.937 Oxygen 
12.300 0.580 Silicon (SiO2) 
18.489 0.738 Phosphorus (P205) 
12.323 0.560 Calcium (CaO) 
14.081 0.839 Bromine 

3 Tip of right I1 (PPY) 42.574 0.692 Oxygen 
1.887 0.282 Sodium (Na20) 
11.167 0.377 Aluminum (A1203) 
18.326 0.487 Silicon (SiO2) 
3.720 0.366 Phosphorus (P205) 
5.442 0.379 Chlorine 
2.243 0.317 Potassium (K2O) 


14.641 0.504 Calcium (CaO) 
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Table 1. Continued. 








beca Tooth (pigmentation type) Weight ?6 c, Weight % Element (Formula) 
4 Tip of right I1 (PPt) 48.849 1.202 Oxygen 
4.077 0.881 Sodium (Na20) 
5.364 0.565 Aluminum (A1203) 
9.151 0.656 Silicon (SiO2) 
21.563 0.924 Phosphorus (P205) 
10.995 0.669 Calcium (CaO) 





Note: * — number corresponds to orange point in Figs. 1 and 2. 


dish (i1—m3 of B. minor, ZIN 104894, Bural-Obo/C; 
M1 of B. fissidens, ZIN 104925/1271, ‘Borehole 
3103/19") to dark reddish-brown (11 of B. fissidens, 
ZIN104908/1236, Shamar/A) (Fig. 1: A-C) and 
a fuzzy pigment pattern (PPt) that was typically 
situated on the teeth crowns and represented by pale 
patina-like patterns (m1—m2 of B. fissidens, GIN 
664/201, Razdol’e; and I1, ZIN104903/1292, Ko- 
rotoyak 2) (Fig. 1: D-E). The PPt of the last remains 
is attributed to the chemical leaching of the actual/ 
true pigment during fossilization, although traces 
of the pigmented and unpigmented enamel border 
are retained, which may have occurred due to the 
replacement of ferruginous pigments with other sub- 
stances. This assumption is partially confirmed by the 
comparative EDX analysis of several fossil teeth of 
Beremendia and some recent taxa (Fig. 2). The EDX 
analysis reveals the possibility of chemical leaching of 
the true pigment depending on burial conditions. The 
analyses show an absence of iron in different parts of 
the tooth crowns with PPt ( Table 1). 

The pigmented parts of the teeth crown i1—m1 of 
B. minor contain iron from 1.0+0.1% in protoconid 
enamel to 25.9+0.4% in incisor tip enamel (Table 
1: A). The second specimen with more significant iron 
content is the first upper incisor of B. fissidens (ZIN 
104908/1236), which display values from 45.6+0.4% 
to 58.6+1.9% (Table 1: C). These values were sig- 
nificantly higher in extant species, such as S. isodon 
(3.2+0.2—10.7+1.3%; Table 2: A) and B. brevicauda 
(1.0::0.5—8.0::3.9?6; Table 3: A). There is a different 
combination of other chemical elements present in 
pigmented and unpigmented parts of crown enamel. 
The comparison between the same parts of B. minor 
(samples 1 and 8, Table 1: A) and S. isodon (samples 
3 and 5, Table 2: A) reveals approximately equal 


values of phosphorus and calcium. The phosphorus 
and calcium content values (Table 1: D) in the m1 
protoconid tip of B. fissidens (GIN 664/201) were 
approximately equal to the values of B. minor (sample 
8, Table 1: A) and S. isodon (sample 3, Table 2: A). In 
contrast, the phosphorus and calcium content values 
(Table 1: E) in the first upper incisor enamel of B. fis- 
sidens (ZIN 104903/1292) were significantly lower 
than those of B. minor and S. isodon, probably be- 
cause of the specific burial conditions of Korotoyak 
2 locality. The burial-related change of the chemical 
content of the enamel pigment retains pigment pat- 
terns on the crown without pigment, i.e., ferruginous 
pigment fully leached together with changes of the 
other elements (phosphorus and calcium). The first 
upper incisor of B. fissidens (ZIN 104908/1236) 
also displays relatively low values of phosphorus 
and calcium content (Table 1: C) but does display 
content of iron. Thus, the specific burial conditions 
of Shamar A locality determined changes in pigment 
elemental content without iron leaching. The visible 
pigment areas of the first upper molar of B. fissidens 
(ZIN 104925/1271) display fully leached iron (Table 
1: B) and significant upward shifting of the calcium 
content values (see samples 1, 4). The extant species 
without pigmented enamel, C. shantungensis and 
A. squamipes, display high values of calcium (Table 
2: B, C) and low values of phosphorus in some cases 
(samples 2 and 3, Table 2: B). 


DISCUSSION 


General remarks. The EDX analysis of the visible 
pigment area and pigment pattern area of fossil shrew 
teeth reveals the very high iron content value in the 
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Table 2. Results of the EDX elemental analyses of the teeth of extant shrews. 
Sample T : . de ud 
ooth (pigmentation type) Weight ?6 c, Weight % Element (Formula) 
number 
A: Sorex isodon (201/A86) Fig. 2A 
1 Tip of a1 (VPg = red-brown) 40.539 0.280 Oxygen 
1.125 0.111 Sodium (Na20) 
19.848 0.208 Phosphorus (P205) 
1229 0.094 Potassium (K20) 
31.868 0.250 Calcium (CaO) 
2 Tip of p4 (V Pg = red-brown) 40.498 0.324 Oxygen 
20.132 0.242 Phosphorus (P205) 
1.158 0.108 Potassium (K20) 
29.434 0.279 Calcium (CaO) 
3 Tip of m1 protoconid (V Pg = red- 41.668 0.315 Oxygen 
brown) 1.298 0.151 Sodium (Na20) 
21.269 0.242 Phosphorus (P205) 
0.794 0.098 Potassium (K20) 
31.674 0.281 Calcium (CaO) 
4 Tip of i1 (VPg = dark brown) 44.651 4.056 Oxygen 
23.630 3.387 Aluminum (A1203) 
12.300 2.783 Phosphorus (P205) 
19.419 3.239 Calcium (CaO) 
5 Tip of the 3rd denticle of i1 (VPg = red-brown) 39.625 1.233 Oxygen 
18.756 0.895 Phosphorus (P205) 
30.898 1.070 Calcium (CaO) 
6 Tip of the 2nd denticle of i1 (VPg = 40.341 0.405 Oxygen 
red-brown) 19.800 0.291 Phosphorus (P205) 
0.873 0.120 Potassium (K20) 
30.989 0.350 Calcium (CaO) 
1.609 0.302 Zinc (ZnO) 
7 Unpigmented part of i1 (white) 41.770 0.267 Oxygen 
1.163 0.116 Sodium (Na20) 
20.832 0.218 Phosphorus (P205) 


36.235 0.257 Calcium (CaO) 
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Table 2. Continued. 












































eas Tooth (pigmentation type) Weight % c, Weight % Element (Formula) 
B: Crocidura shantungensis (ZIN 89478) Fig. 2B 

1 Tip of i1 (white) 39.986 0.280 Oxygen 
17.967 0.221 Phosphorus (P205) 
42.048 0.281 Calcium (CaO) 

2 The distal part of i1 (white) 37.788 5.145 Oxygen 
14.521 4.122 Phosphorus (P205) 
47.690 5.189 Calcium (CaO) 

3 Distal part of i1 (white) 35.090 0.675 Oxygen 
10.289 0.440 Phosphorus (P205) 
54.621 0.703 Calcium (CaO) 

4 Tip of p4 (white) 39.563 4.726 Oxygen 
17.304 3.924 Phosphorus (P205) 
43.133 4.652 Calcium (CaO) 

5 Tip of m1 protoconid (white) 43.396 6.921 Oxygen 
23.316 5.593 Phosphorus (P205) 
33.288 6.931 Calcium (CaO) 

6 Tip of m1 hypoconid (white) 40.720 5.424 Oxygen 
19.119 4.332 Phosphorus (P205) 
40.161 5.418 Calcium (CaO) 

C: Anourosorex squamipes (ZIN 38946) Fig. 2C 

1 Tip of i1 (white) 40.954 0.271 Oxygen 
19.487 0.221 Phosphorus (P205) 
991559 0.268 Calcium (CaO) 

2 Distal part of i1 (white) 40.950 0.253 Oxygen 
19.480 0.205 Phosphorus (P205) 
39.569 0.251 Calcium (CaO) 

3 Distal part of i1 (white) 41.132 0.250 Oxygen 
0.947 0.103 Sodium (Na20) 
20.065 0.201 Phosphorus (P205) 
0.549 0.078 Chlorine 
37.307 0.242 Calcium (CaO) 

4 Tip of a1 (white) 39.558 4.342 Oxygen 
17.297 3.694 Phosphorus (P205) 
43.145 4.226 Calcium (CaO) 

5 Tip of p4 (white) 39.093 6.135 Oxygen 
16.567 4.992 Phosphorus (P205) 
44.341 6.106 Calcium (CaO) 
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Table 3. Results of the EDX elemental analyses of the teeth of fossil Sorex and Dolinasorex from Early Pleistocene Gran Dolina site 
(Atapuerca, Burgos, Spain) and extant Blarina 





Sample 
































Sania Tooth (pigmentation type) Weight % o, Weight% Element (Formula) 
A: Blarina brevicauda (by Dumont et al. 2014: table 1) 
Apex of the first upper incisor 2.3 12 Carbon 
(pigmented enamel, Pe) 36.4 4.2 Oxygen 
2.0 0.2 Sodium 
1.9 0.2 Silicon 
16.7 DE Phosphorus 
32:7] 99 Calcium 
Apex of the first upper incisor 3.7 1.2 Carbon 
(unpigmented enamel, Ue) 38.8 1.8 Oxygen 
1.2 0.3 Sodium 
14 0.2 Silicon 
18.7 0.8 Phosphorus 
35.5 1.4 Calcium 
B: Sorex (by Moya-Costa et al. 2018: table 2) 
8a Tip of the first lower incisor 38.98 - Phosphorus 
(outer layer of enamel) 60.64 -= Calcium 
3li Cutting edge of first lower incisor 37.11 - Phosphorus 
(outer layer of enamel) 61.12 - Calcium 
5la Lower part of first lower incisor 34.97 - Phosphorus 
(outer layer of enamel) 56.47 - Calcium 
C: Dolinasorex glyphodon (by Moya-Costa et al. 2018: table 4) 
1 Tip of the first lower incisor 24.25 - Phosphorus 
(outer layer of enamel) 71.05 - Calcium 
2 Tip of the first lower incisor 25.57 - Phosphorus 


(outer layer of enamel) 56.95 - Calcium 
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pigmented enamel 
(UV-light absorbed) 


pigmented enamel 


(UV-light absorbed) 


m2: 


c 


unpigmented enamel 
(fluoresced) 





pigmented enamel 
(UV-light absorbed) 


Fig. 3. Sorex minutus dentary (A), lower teeth of ZIN 92951(B—D): (A) The left dentary (ZIN 92951), optic photograph, lateral view; 
(B) The left m1 and m2 with differential pigmentation, optic photograph, tilted lateral view; (C) The left m2 with unpigmented belt in 
transmitted UV-light, fluorescent photograph, lateral view; (D) The left m3 with regular pigmentation, fluorescent photograph, lateral 
view. Scale bar represent 1 mm (A), B-D unscaled. Abbreviations: pred — protoconid. 


teeth enamel of Beremendia species (up to 58.6%) 
compared to extant species, S. isodon (up to 12%) 
and B. brevicauda (up to 11.9% by Dumont et al. 
2014; and up to 12.29% by Strait and Smith 2006). 
The observed differences between the maximal value 
of B. minor (25.9%) and B. fissidens (58.6%) cannot 
be considered interspecific features. The determina- 
tion of specific parameters of the pigment elemental 
composition requires additional mass comparison. 
The analysis of the other elements, phosphorus and 
calcium, reveals value similarity between fossil speci- 
mens of B. minor with VPg (ZIN 104894) and extant 
specimens of S. isodon. This fact suggests chemically 
neutral burial conditions in Bural-Obo locality, 
where the whole right dentary of B. minor was found 
with the retained natural colour of the bone and 
teeth, including pigmented areas (Fig. 1A). The 
EDX analysis of this specimen teeth confirmed the 
stability and “permanency” of the pigment content 
compared with recent species. On the other hand, the 
similarity of the content values of phosphorus and 


calcium between S. isodon/B. minor and the speci- 
men of B. fissidens with PPt (GIN 664/201) cannot 
point to chemically neutral burial conditions in 
Razdol’e locality because the iron was fully leached 
from the teeth of this specimen. Two other specimens 
of B. fissidens, ZIN 104925/1271 with VPg and ZIN 
104903/1292 with PPt, show a significant shifting of 
the content values of phosphorus and calcium with 
loss of iron. The visible pigment areas without iron 
on the first upper tooth from the Troitskoye vicini- 
ty (ZIN 104925/1271) attract our attention as an 
instance of disparity between visibility and enamel 
content. 

The EDX analysis confirmed the absence of iron 
in the tooth enamel of A. squamipes as well as in the 
enamel of C. shantungensis (Table 2: B and C). In 
addition, we revealed similarity in phosphorus and 
calcium values between white-toothed shrews and 
some fossil teeth of B. fissidens (ZIN 104925/1271 
and ZIN 104903/1292). This fact restricts the pos- 
sible usage of EDX results of the enamel analyses of 
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EDX-analysis: 


a, b — Iron absent; 


layer (inner) 


c — Iron present (9.2+1.1%). 


„Single layer (inner) 





prismatic | aprismatic 
enamel . enamel 


Fig. 4. Sorex minutus SEM-images of m2 transversal section: (A) SEM-image of protoconid of the left m2 of ZIN 92951 with magni- 
fications (A1—A3); (B) SEM-image of protoconid of the left m2 (unpigmented belt area) of ZIN 84531 (regular pigmentation) with 
magnifications (B1—B2). Scale bars in microns. Abbreviations: a-c - EDX-samples. 


white-toothed shrews for directly proving that iron 
is absent in fossil teeth. 

Moya-Costa et al. (2018) published structural 
analysis and tooth enamel composition of quaternary 
shrews, Sorex indet. and Dolinasorex glyphodon Ro- 
fes et Cuenca-Bescos, 2009, from the Gran Dolina 
site (Atapuerca, Burgos, Spain). We partly used the 
results of the authors to compare with our results. 


Because the authors acquired the elemental values 
from several layers of enamel, we used their values 
from outer layers for correct comparisons (Table 3: 
B and C). The comparison shows a significant shift 
in phosphorus and calcium values in specimens from 
the Gran Dolina site. The iron content broadly var- 
ies among 0.04—22.17% in Sorex and 1.42—26.27% 
in D. glyphodon (Moya-Costa et al. 2018: tables 2 
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and 4). The iron value of the first lower incisor of 
D. glyphodon is approximately the same as the value 
of i1 of B. minor (ZIN 104894). 

UV detection of the tooth pigment. The UV 
method was described by Patterson and McGrew 
(1937). The authors specified that under UV light, 
the coloured part of teeth of Blarina did not fluo- 
resce, but the unpigmented part fluoresced in a bluish 
colour. We performed UV detection of tooth pigment 
in Shargainosorex angustirostris Zazhigin et Voyta, 
2018 and compared it to Sorex daphaenodon (Za- 
zhigin and Voyta 2018). The specific methodology of 
UV detection was not discussed in this article due to 
the its simplicity. However, the current investigation 
suggests restricted applicability of the UV method 
for fossil taxa. This conclusion is based on observa- 
tion of the rare case of "differential pigmentation" in 
S. minutus (ZIN 92951) from Kandalaksha Nature 
Reserve (Murmanskaya Oblast, Karelia Region, 
Russia; collected by Nadezhda S. Boyko in 1999). 
The specimen bore normal pigmentation on all upper 
teeth as well as the lower incisor, a1, p4 and m3, but 
an abnormal pigment of lower m1 and m2 of both den- 
taries. The hypoconid of m1 has a wide vertical fully 
unpigmented belt; the protoconid with the posterior 
part of paracristid of m2 has a similar unpigmented 
belt, and the hypoconid has a local unpigmented 
area on the tip (Fig. 3A). Therefore, the differential 
pigmentation is represented by the unpigmented 
belt of m1—m2 and displays non-selectivity using the 
UV method. UV light is absorbed by the pigmented 
part of S. minutus teeth and fluoresced on the belts 
(Fig. 3B). In the case of diagenetic (or post-burial) 
pigmentation of the fossil teeth (e.g., white-toothed 
shrew), the UV method detects *pigment", and vice 
versa: the unpigmented belt or area (for instance, red- 
toothed shrew Nesiotites, see Furió and Pons-Monjo 
2013) represents as unpigmented. 

Twin enamel layer and pigmentation. Dótsch 
and Koenigswald (1978: 68) wrote: “In Sorex [...], 
iron can only be detected in the outermost prism-free 
layer, which is also macroscopically coloured red", and 
further “The soricids have a prismatic enamel under 
the pigmented (prism-less) enamel [...]”. Thus, the pig- 
mented enamel layer displays an aprismatic structure 
and lays outward of the inner unpigmented prismatic 
enamel layer. Our analysis of the enamel microstruc- 
ture of the unpigmented belt of the m2 protoconid of 
S. minutus (ZIN 92951) compared to the S. minutus 
specimen (ZIN 84531) with regular pigmentation of 
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lower teeth reveals the loss of the aprismatic outer 
layer within the unpigmented belt. The enamel micro- 
structure of the aberrant tooth (ZIN 92951) differs 
from the microstructure of the common tooth (ZIN 
84531) in the presence of the single prismatic enamel 
layer on the buccal side (the belt situated) instead of 
the twin layer (Fig. 4: A1, A2), and the twin layer is 
on the lingual side of the protoconid (Fig. 4: A3). In 
contrast, the tooth with a regular pigmentation shows 
a twin layer on the buccal side (Fig. 4: B1, B2). EDX 
analysis reveals the presence of iron in the aprismatic 
enamel on the lingual side of the aberrant m2 (the 
iron content value is 9.2+1.1%; Fig. 4, sample c) but 
the absence of iron in the prismatic layer of the belt 
(Fig. 4, see samples a and b). Therefore, the ferrug- 
inous pigment is closely connected with the outer 
enamel, as previously stated by Dótsch and Koenig- 
swald (1978) and Dumont et al. (2014). However, the 
question posed by Dótsch and Koenigswald (1978: 
69) remains: “[...] whether the pigmentation of the 
enamel is generally bound to “prism-less” enamel, or 
whether this convergence is coincidental". 


CONCLUSIONS 


The pigment of tooth enamel is an important 
odontological character character for assessing sori- 
cid taxonomy and phylogeny (Repenning 1967; Dan- 
nelid 1998). Two methods for pigment determination 
are known: the UV method and EDX analysis. Our 
study revealed that the UV method did not distin- 
guish between truely pigmented parts of the soricine 
tooth crown and diagenetic burial-related pigmenta- 
tion; i.e., the natural ferruginous tooth pigment and 
the diagenetically added pigment, which are formed 
by chemical substitution, absorbed UV light equally 
well. Thus, the applicability of the UV detection of 
tooth pigment must be revised and most likely is not 
effective for fossil taxa. EDX analysis is more precise 
than the former and can be used for the detection of 
iron in extant and fossil taxa. However, additional 
studies are required to determine the limitations of 
the method in relation to fossil specimens. Our results 
reveal the case of chemically neutral burial conditions 
in Bural-Obo locality, where EDX analysis confirmed 
the stability and “permanency” of a pigment content 
of B. minor compared to the recent species, S. isodon. 
Another result showed a significant shift in the con- 
tent values of phosphorus and calcium together with 
lost iron (ZIN 104925/1271, ZIN 104903/1292). In 
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addition, the former specimen displays visible pig- 
ment. Therefore, visible pigmentation did not always 
indicate the presence of ferruginous pigment. The 
cases of “pigmented teeth” of M. desnoyersianus (En- 
gesser 2009; the presence of VPg) or “iron absence” in 
this taxon (Klietmann et al. 2013; made EDX analy- 
sis) neither proves nor refutes the presence of ferrug- 
inous pigment. However, this question is significant 
for the phylogeny of Miosorex s. lato. 

EDX analysis confirms the complete absence of 
ferruginous pigmentation in Anourosorex dentition 
and is comparable to Crocidura’s content of phospho- 
rus and calcium. These values are significantly dif- 
ferent from those shown by S. isodon and Beremendia 
(from Bural-Obo/C). 

Furió and Pons-Monjo (2013) used the term *dif- 
ferential pigmentation” to explain the irregular pig- 
mentation on the fossil teeth of Nesiotites. Our analy- 
sis of the fossil and recent specimens reveals different 
reasons for differential pigmentation formation. The 
first reason is related to fossilization, namely, the 
chemical alterations of the buried specimen. In the 
different cases, unicolour teeth, teeth with VPg and 
teeth with PPt were found. We supposed that the 
visible ‘pigment pattern’ is a reflection of the twice- 
layered enamel (Fig. 4B). The optic effect of PPt is 
likely connected with some structural character of 
the outer layer; as a result, we can see pigment “with- 
out” pigment (Fig. 1B). In addition, the local chemi- 
cal micro conditions can form VPg and PPt while 
one tooth-row (e.g., Nesiotites on fig. 2:2, by Furió 
and Pons-Monjo 2013). The second reason is related 
to a developmental disorder, namely, the enamel or- 
gan disorder, which locally stops forming the twin 
enamel layer (Figs. 3, 4). Thus, the number of enamel 
layers of Anourosorex is a significant question. 

Our results and published data of EDX analysis 
of the elemental content and SEM-image analysis 
of enamel microstructure after Dótsch and Koenig- 
swald (1978) again raise the question of a relation- 
ship between ferruginous pigmentation and enamel 
microstructure. Is there any structural difference 
between the outer enamel of red-toothed and white- 
toothed shrews? 
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